Introduction
A coupled-resonator optical waveguide (CROW) consists of a chain of optical resonators in which light propagates by virtue of coupling between adjacent resonators [1] . Both the bandwidth and the group velocity of propagation are controlled by a single parameter, the inter-resonator coupling. Such a wave guiding mechanism can be realized in various types of resonators. CROWs based on waveguide-grating resonators are attractive for their natural implementation in waveguides. A grating-defect resonator consists of an artificial defect introduced in a waveguide grating. The defect supports a mode with a resonant frequency inside the grating band gap. The modal energy is centered at the defect and evanesces exponentially in the grating away from the defect. A grating CROW consists of a sequence of defects separated by grating sections where adjacent resonators couple via the evanescent field in the intervening grating. The coupling strength is controlled via the spacing between the defects.
With strong gratings, or one-dimensional photonic crystals, the length of a grating resonator can be as short as a few microns. CROWs based on such small resonators have been experimentally demonstrated on silicon waveguides [2] . The major limitation was the radiation losses of the highly localized mode due to the strong coupling to radiation modes induced by the high-frequency Fourier components [3] . Low quality factors of the resonators (Q~670) lead to power decay time constant of approximately 1 ps, limiting applications such as optical delay lines. The quality factors of grating-defect resonators can be greatly improved by tapering the grating near the defect which smooths the field distribution [4] . In this work, we design and demonstrate CROWs based on high-Q (Q~10 5 ) tapered grating-defect resonators for reducing the propagation loss of grating CROWs. We demonstrate the control of inter-resonator coupling by choosing the number of holes between adjacent defects. Furthermore, we tailor the coupling coefficients to realize Butterworth filters which possess maximally flat transmission over the passband [5] .
Design and fabrication
We design grating resonators on silicon waveguides 490 nm wide and 220 nm thick. Gratings are made of periodic air holes with a period of 375 nm and radii of 100 nm. Tapered grating-defect resonators are formed by inserting a defect section 162.5 nm long and tapering the 6 nearest holes on each side of the defect, as shown in Fig. 1(a) . Both the period and the radii of the holes are tapered to ensure a Bragg wavelength of 1570 nm. The simulated Q is about 3×10 5 based on a 3D mode-matching method. Fig. 1(b) shows a CROW, which consists of 6 resonators. The interresonator coupling is controlled by the number of holes between adjacent defects, denoted as m in Fig. 1(d) . We vary the number of holes along the CROW to tailor the coupling coefficients for the realization of Butterworth filters. Figs. 1(c) and 1(d) show the number of holes at the boundary and in the middle of the CROW respectively. 
Silicon waveguides and gratings were fabricated on silicon-on-insulator wafers using e-beam lithography and ICP-RIE dry etching. We fabricated spot-size converters by tapering the width of the waveguides to 140 nm at the facets and depositing a SiO 2 layer of 2 µm thick as the upper cladding. The spot-size converters improve the coupling efficiency and reduce the reflection at the facets.
Measurement results
We measured a loaded Q factor of 1.12×10
5 for a tapered grating-defect resonator with 21 holes on each side of the defect. The transmission spectrum is shown in Fig. 2(a) . The transmission is normalized to the transmission of reference waveguides. Fig. 2(b) shows the transmission spectrum of a 6-resonator CROW with m = 14. Thanks to the Butterworth filter design, the spectrum is flat over the passband with only 2 dB of oscillations due to reflection at the end facets. As we increased the number of resonators to 36, as shown in Fig. 2(c) , the roll-off at the band edges is much steeper, and the extinction ratio is more than 40 dB. We varied m to change the coupling coefficient. Fig.  2(d) shows the transmission spectrum of a 20-resonator CROWs with m = 18. The bandwidth decreases from 12 nm to 5 nm due to the weaker inter-resonator coupling.
We measured the group delay as a function of wavelength using a phase-shift method [6] . The red curves in Figs.  2(c) and 2(d) show the group delay spectra. The spectra have been smoothed after measurements to remove the oscillations due to reflection from the end facets. The delay spectra are relatively flat at the band center and increase towards the band edges. We calculated the average delay over the center half of the band, which is 6.79 ps and 9.02 ps for the two CROWs. These delay correspond to group indices of 11.6 and 23.2 for m = 14 and 18 respectively.
In summary, we have reduced the propagation loss of grating CROWs by improving Q factors of the constituent resonators. We demonstrated the control of bandwidth and group velocity by choosing the number of holes between adjacent defects. Furthermore, the coupling coefficients were tailored to achieve maximally-flat transmission. Group delay (ps)
